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Purpose: To evaluate the dentin bond strength (BS) and sealing ability (SA) promoted by adhesive systems after 
24 h or 6 months of water storage.
Materials and Methods: The tested adhesive systems were: one three-step etch-and-rinse adhesive (Adper 
Scotchbond Multi-Purpose, SBMP) and three single-step self-etching systems (Adper Easy Bond, Bond Force, and 
G-Bond Plus). Bovine incisors were used for both evaluations, BS (n = 11) and SA (n = 5). To examine BS, the 
buccal surface was ground with SiC paper to expose a flat dentin surface. After adhesive application, a block of 
resin composite was incrementally built up over the bonded surface and sectioned into sticks. These bonded 
specimens were subjected to microtensile bond strength testing after 24 h and 6 months of water storage using 
a universal testing machine. For SA analysis, enamel was removed from the buccal surfaces. The teeth were 
connected to a device to measure the initial SA (10 psi), and the second measurement was taken after treat-
ing dentin with EDTA. Afterwards, the adhesive systems were applied to dentin and the SA was re-measured for 
each adhesive after 24 h and 6 months of water storage. The SA was expressed in terms of percentage of den-
tinal sealing. BS and SA data were submitted to two-way ANOVA and Tukey’s test ( = 0.05). 
Results: All adhesives showed a reduction of SA after 6 months of water storage. The SA promoted by self-etch-
ing adhesives was higher than that of SBMP. No adhesive system showed a reduction of the BS after 6 months. 
Conclusion: Sealing ability was affected by water storage, while no changes in microtensile bond strength were 
observed after 6 months of water storage. The single-step self-etching systems showed greater sealing ability 
than did SBMP, even after 6 months of storage in water.
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Three-step etch-and-rinse systems and two-step self-etching adhesive systems have been considered the 
gold standard among the different categories of bonding 
agents. In contrast, single-step self-etching systems 
(or “all-in-one” adhesives) seem to perform poorest of 
the bonding agents, especially the earlier self-etching 
materials.4,11,20 These systems had low pH (less than 
1) because their composition was based on acidic prim-
ers with high concentrations of hydrophilic monomers. 
The studies using single-step adhesives have shown 
very poor retention rates of Class V composite restora-
tions (65%) after one year,3 the highest nanoleakage 
pattern,30 and poor ability to seal dentin surfaces.40 
Low retention rates are related to the reduction of bond 
strength,4,11 while lack of sealing manifests as fluid 
movement across the resin/dentin interface.5,14,13,33-35
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Nanoleakage within interfaces formed by single-step 
adhesives is caused by incomplete resin infiltration into 
demineralized dentin, resulting in areas where adhesive 
phase separation occurred and/or water was not com-
pletely removed, leading to incomplete polymerization 
of monomers.36 The sealing of dentin surfaces treated 
with single-step adhesives has been questioned, since 
these adhesives form permeable membranes which allow 
water movement between the interface and the underly-
ing dentin.8,9,30 An important feature of two-step self-
etching and three-step etch-and-rinse adhesive systems 
that might contribute to better results when compared 
with single-step systems is the solvent-free, relatively 
hydrophobic resin layer that is placed over the primed 
dentin, reducing the water sorption and improving surface 
sealing.1,2,5,27,31,41 Thus, the absence of the hydropho-
bic layer has been the main concern regarding one-step 
self-etching systems, since this layer could reduce the 
hydrophilicity and increase monomer conversion of these 
self-etching systems, which would result in higher bond 
strength and better sealing of the dentin surface.11
The objective of this study was to evaluate the dentin 
bond strength and sealing ability promoted by one three-
step etch-and-rinse adhesive and three single-step self-
etching systems after 24 h and 6 months of water storage. 
The null hypothesis was that the bond strength and the 
sealing ability of the etch-and-rinse adhesive system would 
be significantly higher than that of the single-step self-
etching systems after 24 h and 6 months of water storage.
MATERIALS AND METHODS
This study was divided into two parts: bond strength 
testing and dentin sealing ability analysis. Four bond-
ing agents were selected: one three-step etch-and-rinse 
adhesive system (Adper Scotchbond Multi-Purpose, 3M 
ESPE; St Paul, MN, USA) and three single-step self-etch-
ing systems: Adper Easy Bond (3M ESPE), Bond Force 
(Tokuyama Dental; Tokyo, Japan), and G-Bond Plus (GC; 
Tokyo, Japan). Composition, batch number, application 
instructions, and manufacturer information are listed 
in Table 1. Sixty-four freshly extracted bovine incisors 
(stored in a 0.05 % thymol solution at 5°C) were used. 
Bond Strength Testing
In this part of the study, 44 bovine incisors were used, 
which were randomly divided into four groups (n = 11). 
Their buccal surfaces were wet abraded with silicon car-
bide paper (180) using a machine (APL-4, Arotec; Cotia, 
SP, Brazil) to remove the enamel and expose a flat den-
tin surface with a remaining dentin thickness ranging 
from 1.0 to 1.5 mm. Afterwards, the teeth were abraded 
with 600-grit silicon carbide paper for 10 s to standard-
ize the smear layer. 
The adhesive systems were applied to dentin accord-
ing to the manufacturers’ instructions (Table 1). After ap-
plication of the adhesives, resin composite blocks 6 mm 
in height were built up incrementally in three 2-mm-thick 
layers with composite resin (shade A2, Filtek Z350, 3M 
ESPE). A light-curing unit (XL 2500, 3M ESPE) with an 
output of 550 mW/cm2 was used to polymerize the adhe-
sives and the composite. 
Restored teeth were stored in distilled, deionized water 
at 37°C for 24 h and then vertically, serially sectioned into 
several 1.0-mm-thick slabs, using a water-cooled diamond 
saw (Isomet 1000, Buehler; Lake Bluff, IL, USA). Each 
slab was further sectioned perpendicularly to produce 10 
sticks per tooth of approximately 1.0 mm2 in cross sec-
tion. Half of the bonded sticks were stored for 24 h and 
Table 1  Composition of adhesive systems, lot number, and manufacturer’s instructions




Etchant: 35% phosphoric acid, synthetic amorphous silica






a (15 s), b, c (5 s), e, c (5 s), 
f, g (10 s)
Adper Easy Bond Adhesive: HEMA, bis-GMA, methacrylated phosphoric 
esters, 1,6 hexanediol dimethacrylate, methacrylate 
functionalized polyalkenoic acid, silica filler (7 nm), 
ethanol, water, CQ, stabilizers (pH 3)
362007 d (20 s), c (5 s), g (10 s)
Bond Force Adhesive: methacryloyloxyalkyl acid phosphate (phosphoric 
acid monomer), alcohol (C2-4 alkyl), HEMA, bis-GMA, TEG-
DMA, CQ, water (pH 2.3)
063 d (20 s), c (10 s), g (10 s)
G-Bond 
Plus
Adhesive: 4-methacryloxyethyl trimellitic acid, phosphoric 
ester-monomer, UDMA, TEG-DMA, acetone, water, 
stabilizer, silica filler, photo-initiator (pH 2)
0903051 d, h (5 s), c (5 s), g (10 s)
Procedures: a: acid etching; b: rinse surface; c: gently air dry; d: apply one-bottle adhesive; e: apply primer; f: apply adhesive; g: light cure. Abbreviations: 
HEMA: 2-hydroxyethyl methacrylate; bis-GMA: bisphenol-glycidyl methacrylate; CQ: camphorquinone; UDMA: urethane dimethacrylate; TEG-DMA: triethylene 
glycol dimethacrylate.
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the other half were tested after 6 months of storage in 
distilled water at 37°C. Each bonded stick was attached to 
the grips of a microtensile testing device with cyanoacry-
late glue (Super Bonder, Henkel/Loctite; Diadema, SP, 
Brazil) and tested in tension in a universal testing machine 
(EZ Test, Shimazu; Kyoto, Japan) at a crosshead speed 
of 0.5 mm/min until failure. After testing, the specimens 
were carefully removed and the cross-sectional area at 
the site of fracture was measured to the nearest 0.01 mm 
with a digital caliper (mod. 727-6/150, Starret; Itu, SP, 
Brazil). The cross-sectional area of each specimen was 
divided by the peak tensile load at failure to calculate 
stress at fracture (MPa). A single failure stress value was 
then calculated for each tooth by averaging the values of 
5 sticks from that tooth.
The fractured surfaces of the tested specimens were 
allowed to air dry overnight at 37°C, after which they were 
sputter coated with gold (MED 010, Balzers; Balzer, Liech-
tenstein) and examined by a single individual using a scan-
ning electron microscope (VP 435, Leo; Cambridge, UK). 
Failure patterns were classified as (1) cohesive within the 
dentin, (2) cohesive within the composite, (3) cohesive 
within the adhesive layer, (4) adhesive along the dentin 
surface, (5) adhesive along the composite/adhesive layer 
interface or (6) mixed, when simultaneously exhibiting 
dentin surface, adhesive layer, and remnants of compos-
ite. Representative specimens of the failure patterns were 
photographed at 90X and 500X.
Dentin Sealing Ability Analysis
Twenty bovine incisors of similar size were used in 
this part of the study (n = 5). Crown segments were 
obtained by removing the roots at 1 mm beneath the ce-
mentoenamel junction, using the water-cooled diamond 
saw (Isomet, Buehler). The pulp tissue was removed 
with #80 Hedstroem files (Maillefer/Dentsply; Petrópo-
lis, RJ, Brazil).
The buccal enamel was removed to expose the su-
perficial dentin. Teeth were prepared using a #4138 dia-
mond bur (KG Sorensen; Barueri, SP, Brazil); the bur was 
changed after every 5 teeth. The dentinal depth was con-
trolled using a pincer-type caliper (Golgran; São Paulo, SP, 
Brazil), which measured the remaining dentin thickness to 
be between 1.0 and 1.5 mm. The buccal incisor surfaces 
were reduced until the dentin tissue appeared. The cavity 
preparation was surrounded by at least 2 mm of enamel 
thickness, such as in the cervical area.
Using a cyanoacrylate glue (Super Bond), each pre-
pared tooth was attached to a polyester platform (30 
x 30 x 5 mm) that was perforated in the center by an 
18-gauge stainless steel tube. The tooth attached to the 
polyester platform was connected to a hydraulic pressure 
device that delivered 10 psi (703 cm H2O or 51.7 cm Hg) 
of water pressure during the measurement of the dentin 
permeability.24,34
Before applying the bonding agents, the teeth were 
treated with 0.5 M EDTA (pH 7.4) for 5 min. Then they were 
rinsed with water for 1 min, ultrasonically cleaned (Maxi 
Clean 750, Unique; Indaiatuba, SP, Brazil) in water for 12 
min, and the maximum fluid filtration (MFF) was measured; 
this value was defined as 100% permeability. After measur-
ing the MFF (μl/min), a new smear layer was created on the 
dentin surface using a fine-grit diamond bur (3139 fine-grit, 
KG Sorensen) for 30 s under water cooling. The adhesives 
as described above were applied to dentin while connected 
to the permeability device, but without application of pulpal 
pressure, simulating the patient under anesthesia, which 
reduces the pulpal pressure.22
No resin composite was applied over the bonding 
agents, ie, the adhesive was directly exposed to water dur-
ing storage. Twenty-four hours and 6 months after the ap-
plication of the adhesives, the fluid flow through hybridized 
dentin (FFHD) was remeasured to calculate the percent-
age of reduction of fluid flow through the adhesive/dentin 
interface or dentin sealing provided by adhesives. This 
represented the permeability after application of the ad-
hesives relative to its maximum EDTA-treated pre-bonded 
value (or MFF), with each tooth serving as its own control. 
The equation below was used to calculate the percentage 
of dentin sealing provided by application of the adhesives:
Dentin sealing (%) = 100 x (MFF – FFHD) / MFF
Statistical Analysis
A two-way ANOVA was performed to determine the effect 
of four adhesive systems and two storage times and 
their interaction on microtensile strength and percent-
age of dentin sealing. Tukey’s post-hoc test was used to 
detect pair-wise differences among experimental groups. 
All statistical testing was performed at a preset alpha of 
0.05.
RESULTS
Two-way ANOVA indicated that the factor adhesive sys-
tem (p < 0.05) significantly influenced tensile bond 
strength results. Conversely, the statistical analysis 
revealed no significant differences for the factor stor-
age time (p > 0.05) or for interactions between the 
factors (p > 0.05). A summary of the microtensile bond 
strengths for the different experimental groups is shown 
in Table 2. Analysis of data with respect to differences 
in adhesive systems showed that G-Bond Plus yielded 
significantly lower bond strength than did Scotchbond 
Multi-Purpose, Easy Bond, and Bond Force (p < 0.05), 
which did not differ significantly among themselves (p 
> 0.05). The storage time did not influence the bond 
strength results (p > 0.05).
Regarding the percentage of dentin sealing provided 
by adhesive systems, two-way ANOVA indicated that both 
adhesive systems (p < 0.05) and storage time (p < 0.05) 
significantly influenced results. However, the interaction 
between factors was not significant (p > 0.05). Dentin 
sealing results for the different experimental groups are 
shown in Table 3. The percentage of dentin sealing pro-
vided by all adhesives diminished significantly after 6 
months of storage in water (p < 0.05). For both times 
of evaluations, the Scotchbond Multi-Purpose system 
showed a lower percentage of dentin sealing than G-Bond 
Plus, Easy Bond, and Bond Force (p < 0.05).
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Figure 1 shows the proportional prevalence (%) of the 
failure patterns in all experimental groups. Representative 
images depicting two failure classifications are presented 
in Figs 2 to 5. All groups showed a high incidence of cohe-
sive failure within the dentin (Figs 2 and 3) and the com-
posite. Other failures modes were not observed in any of 
the groups. The adhesive failure along the dentin surface 
(Figs 4 and 5) and the mixed failures were predominant for 
G-Bond Plus adhesive. The storage in water for 6 months 
did not significantly change the failure patterns for any 
adhesive tested.
DISCUSSION
The null hypothesis that bond strength values and seal-
ing ability would be significantly higher for the three-step 
etch-and-rinse adhesive system than for the single-step 
self-adhesive was not confirmed, even after 6 months of 
water storage. The sealing ability promoted by the etch-
and-rinse adhesive was lower than for single-step adhe-
sives at both times of evaluation.12,23,33 Regarding the 
bond strength test, there was no statistically significant 
difference between the etch-and-rinse adhesive and two 
of the three single-step self-etching adhesives tested. 
In this study, it was not possible to correlate the dentin 
bond strength of adhesives and the sealing ability, since 
the measurements were not performed on the same sam-
ples and because the teeth used for permeability mea-
surements were not covered by composite, as opposed to 
the teeth used in the microtensile bond strength analysis.
The microtensile bond strength to dentin did not de-
crease after 6 months of storage in water for any of the 
adhesive systems tested, although the bonded speci-
mens were stored in water without the protection of pe-
ripheral enamel.32 For short periods of storage in water, 
the contemporary bonding agents such as those used 
in this study seem resistant to hydrolytic degradation. 
Table 2  Mean (SD) microtensile bond strength (MPa) 
of adhesive systems to dentin
Adhesive 24 h 6 months
Scotchbond Multi-Purpose 42.0 (6.2)Aa 42.9 (6.4)Aa
Easy Bond 38.1 (6.5)Aa 39.9 (4.4)Aa
Bond Force 37.4 (4.2)Aa 37.7 (6.3)Aa
G-Bond Plus 24.8 (7.8)Ab 26.0 (9.9)Ab
Groups having similar superscript letters (upper case: row; lower case: 
column) are not significantly different.
Table 3  Percentage of dentin sealing (%) provided by 
adhesive systems (means ± SD)
Adhesives 24 h 6 months
Scotchbond Multi-Purpose 75.2 (21.4)Ba –70.2 (71.2)Aa
Easy Bond 95.0 (8.4)Bb 80.0 (17.2)Ab
Bond Force 96.6 (1.3)Bb 67.0 (18.2)Ab
G-Bond Plus 95.8 (3.8)Bb 85.8 (12.1)Ab
Groups having similar superscript letters (upper case: row; lower case: 
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Fig 1  Distribution 
of fai lure modes 
among experimen-
tal groups (SBMP: 
Scotchbond Multi-
Purpose; EB: Easy 
Bond;  BF:  Bond 
Force; GB: G-Bond).
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The G-Bond Plus adhesive showed the lowest mean bond 
strength values among the adhesives; however, after 6 
months of water storage, no reduction in bond strength 
was observed. One type of failure mode involved the adhe-
sive along the dentin surface, which can be related to this 
lower bond strength (Figs 4 and 5). This single-step self-
etching adhesive does not contain HEMA monomer35 and 
its HEMA-free formulation did not produce bond strength 
as high as the other adhesives. The monomeric composi-
tion is based on phosphoric ester monomer and 4-meth-
acryloxyethyl trimellitic acid, which is able to establish 
an ionic bond with calcium in hydroxyapatite.45 It also 
contains UDMA and TEG-DMA in an acetone solution to 
increase the polymer network formation.42 Information in 
the literature about methacrylated phosphoric ester and 
methacryloyloxyalkyl acid phosphate monomers from Easy 
Bond and Bond Force, respectively, is very scarce.
All adhesives showed reduction in the dentin-sealing 
ability after 6 months, probably because they were ex-
posed directly to water and did not have the protection of 
a resin composite layer, which they would clinically. The 
current bonding agents contain hydrophilic monomers, 
such as HEMA, and even in the cured state, they are more 
soluble and can absorb more water in an aqueous storage 
solution than can hydrophobic bonding resins.6,17,29,42,43 
The reduction in dentin-sealing ability was observed, as 
detected by the fluid movement across the resin/dentin 
interface, indicating an increased permeability of the ad-
hesive layer. The application of hydrophobic resin or the 
bonding resin over primed dentin could reduce the hydro-
philicity of the adhesive layer and increase the monomer 
conversion of the adhesive, which would increase the 
durability of dentin-resin bonds.1,2,5,31,41
The three-step etch-and-rinse adhesive showed the 
lowest dentin sealing ability with large standard devia-
tions for both evaluation times, probably because of the 
effects of phosphoric acid etching. The acid condition-
ing removes the superficial mineral phase (up to approx. 
Fig 2  Cohesive failure within the dentin for the Easy Bond ad-
hesive (original magnification 90X).
Fig 3  Higher magnification of Fig 2, showing the fractured 
dentin surface (original magnification 500X).
Fig 4  Adhesive failure along the dentin surface for the G-
Bond Plus adhesive (original magnification 90X). 
Fig 5  High magnification of Fig 4 showing the scratches cre-
ated by silicon carbide paper and the dentinal tubules partially 
occluded by resin tags (original magnification 500X).
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10 μm depth),10,26,27 which increases the dentin perme-
ability and interferes with bond formation,19,25,37 because 
the adhesive must be applied on wet dentin. The excess 
water impairs the polymerization reaction of monomers 
infiltrated into dentin, forming a porous hybridization of 
dental tissue.39,43 Further, it is known that the etching 
procedure is responsible for activation of host-derived 
matrix metalloproteinase (MMP) enzymes bound to den-
tin matrices, which can accelerate the degradation of 
resin-dentin bonds from the demineralized dentin over 
time. This degradation process includes deficient resin 
monomer infiltration into demineralized dentin and elu-
tion of unpolymerized monomers from polymerized ad-
hesives. These zones of exposed collagen fibrils within 
hybrid layers are more prone to attack by MMPs. After 6 
months of storage in water, the sealing ability promoted 
by the etch-and-rinse adhesive declined more than 100% 
when compare to the initial values. Acid etching and the 
early degradation process of bonded demineralized dentin 
could be the main factors involved in the results related 
to this adhesive system.7,15,36 
This study evaluated the sealing ability using hydraulic 
pressure, which is directly related to the permeability of 
the adhesive layer in the dentinal tubules.9,12,23,25 Over 
the dentin tubules, dentin sealing ability is directly related 
to the mechanical properties of the adhesive,16 but dentin 
sealing ability on the intertubular dentin is due not only 
to the mechanical properties of the adhesive but also to 
the chemical reaction between the functional monomer 
in the adhesive and hydroxyapatite.18 Considering the 
dentin sealing ability on the intertubular dentin, an in 
vitro study38 showed that resin coating with a single-step 
adhesive system, such as G-Bond (not plus) and Clearfil 
Tri-S Bond (Kuraray), prevented demineralization of dentin 
surface after a 3.5-day acid challenge. That means the 
single-step adhesive systems could block the penetration 
of the acidic solution into dentin through the thin coating 
layer. The coating layer was less than 10 μm thick, but pro-
tected the intertubular dentin. The protection may be due 
to the strong chemical reaction between the functional 
monomer in the adhesive and hydroxyapatite.18,45 Waid-
yasekera et al44 observed the adhesive/dentin interface 
after acid-base challenge using TEM. In their study, the 
acid-base resistant zone was observed under the hybrid 
layer only using the self-etching primer systems, but not 
with the acid-etching system.
This study used bovine incisors, since Reis et al28 
showed that bovine teeth were possible substitutes for 
human teeth in either dentin or enamel bond testing. The 
bonding mechanism of adhesive systems to dental sub-
strates is apparently the same for the two investigated 
species,21,28 which might have accounted for similar 
bond strengths and sealing ability. Various methods have 
been purposed to measure the sealing ability of adhe-
sives.5,13,14,33-35 However, the methodology suggested 
by Pashley and Depew24 was selected to evaluate the 
fluid movement across the resin/dentin interface, as it 
can simulate the in vivo conditions.
Although some studies state that three-step etch-
and-rinse and two-step self-etching adhesive systems 
are the gold standard among the categories of bonding 
agents,4,11,20 in the current study, the three-step etch-
and-rinse adhesive Scotchbond Multipurpose did not 
show the best results in dentin sealing ability. Thus, it 
seems the preservation of the mineral phase of the dentin 
is important for reducing the dentin permeability through 
the adhesive layer. The self-etching adhesive G-Bond Plus 
is HEMA-free. However, the absence of HEMA in the com-
position of the adhesive seemed to interfere with the 
dentin bond strength, showing lower results than those 
produced by HEMA-containing adhesive systems.
CONCLUSION
The results of the present study show that the dentin-
sealing ability of all adhesives was reduced after 6 
months of water storage and the single-step self-etching 
systems showed higher sealing ability than the etch-
and-rinse adhesive. No changes in bond strength were 
observed after 6 months of storage in water.
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Clinical relevance: Two single-step self-etching adhe-
sives (Easy Bond and Bond Force) showed the best 
results in bond strength and dentin sealing evalua-
tions. The adhesive layer exposed to water can lose 
the ability to seal the dentin surface.
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